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TECHNIOAL NOTE NO*

METHODS OF MEASUREMENT OF HIGH

—

880

AIR VELOCITIES

BY THE HOT~WIRE METHOD
-—

By John’ R, Weske

SUMMARY “ : : ‘
—.
.. -- -.

Results are presented of investigations conduc>ed to
ascertain the feasibility of measurements of high veloci--
ties including velocities in the lower sonic range by the
hot-wire method.

Investigations of strengths of hot wires at high ve-
locities were conducted with platinum, nickel, and tung-
sten at approximately 200° C hot-vire temperature. The
results appear to disqualify platinum for velocities ap-
preaching the sonic range, whereas nickel withstands
sound ‘velocity and tungsten Iuey be used at supe”rsonic”,ve-
locities. This conclusion apDlies to standard atmospheric.
conditions of the air.

For measurements at high velocities, hot wires must
be supported %y rigid prongs to avoid hre.akage caused by
vibration of the prongs. Tungsten wire may be soldered
to the prongs with soft solder after i Very thin film’of
platinum has been electrolytically applied.

.-—.

.-

—

..

Measurements of heating current of the hot wire for
constant-temperature operation show agreement with King’s
relation up to a velacity of 300 feet per second, Ilevia- ““--.””
tions from this relation were observed as sonic velocit-
ies were approached, presumably because of the effect of ““

.—

impact temperatures. No numerical evaluation of this &
aspect was undertaken~ however.

Calibration curves. of measurements with a circuit
adjusted for linearity of. reading with velocity and. of

directional characteristics of hot wires adjusted for
linear reading are given..

.
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INT?tODUCTIgN’. .-.

The ‘r&sfiltti--which”have ‘been “obtained to date Of an
investigation undertaken at Case School of Applied
Science, under the” auspices of”khe National Advisory
Committee for Aeronautics, for the purpose of investigat-
ing the possibilities and limitati”ons- of hot-wire measure-
ments at high velocities are given i.n the preseut report.
A preliminary report on this subject, which was submitted
on July 25, 1941, contained. a general survey of the field.
The investigation has been continued apd certain te&h-
niques discussed hereinafter have been developed vh~ch it
is hoped may render measnrem.ents %’y the hot-wire method
at high velocities practicable.

Topics under consideration were listed in the prelim-
inary report aa follows: (a) measur~ment by the hot-wire
method of high.velocitl.es up to and above the acoustic
velocity; (b) effect of compressiljility o~..hot-wire meas-
urements; (c) effect ofambient temperature as a factO~
entering into the measurements; (d) hot-wire measurements.
in a flow in whic,~ fluctuations of velocity of”high fre-
quency and large amplitude occur; and (e) hot-wire measurem-
ents in flow- in which changes of .d~rection of high fre-”
quency occur,

In the. present report are presented the results of
experimental inv.sstigations of (a) the strength character-
istics of hot wires of various materials in an air etream’
of high velocity; (b) tie variation “of h.ea’tingcurrent-with
velocity for co.nstant-resist~nc e.operation of the hot wire;
and (c) directional characteristics of a hot wire in a
circuit- a,d:ust.ed”for. linearity of’reading and wind veloo-
ity. . . ..,. -.

.,.

!l?ES!l?fi“Q17HOT WIRES. TOR %TRENGTH %X ‘AN
,. .,.

AiR STREAM OF HIGHVELOCITY

... ., . . . . . ..

A coneidkrabl’e ntihbe”rof fhctorg”.e.nter into. th”e pro%-

lem of the strength mf”hot:;wires at high ?rel.oclty’;namely-l
(a) the hot-wire material, (b) diameter of the”hQt wire,
(c) length o.f the hot wire, (d) diameter and length of
prongs, (e) method of attachment of hot wire to the prongs,
(f) rigidity of mounting of the prongs. in the hot-wire

.
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holders ,-(g) temperature of th~ hot wire, (h) te~~~o~jff
the hot wire, (i) turbulence of the air sfream,
duration of the test. In the development of a technique
of investigation it was found exceedingly difficult to
effect. a clear separati~n of the influence of the .varfou–s
factors. For this reason an attempt has been made to ob-
tain, hy the use of hot wires of various mate~ials~ dia~-
eter, and leng,th in combination with prongs and. holders
of various designs, an answer concerning the practicabil-
ity of hot-wire measurements in a high-velocity air jet
as far as s.trerigthproperties of the wire Snd design of
the mounting are conoerned,

..

,.

.-

.

..

,,
Equation for Strength. Characterist ics Of ~Oi- ~ires .—

In order to establish a gene~e.1 relationship for the
strength characteristic of ““thehot wires, it is assumed
that breakage of the wire occurs as the aerodynamic-drag
causes the tensile stress in the wire to exceed the safe
maximum limit for the metal. Let” it be ass’umed further
that the ourves of the wires u.n~er .lciad”are similar, that
is, that the ratio of sag s to length : 1 is constant.
The following relation xna;~be established by the approxi-
mation of the “curv~ by a parabola: ..“

.

,

- .-— ._ -.

--.,..

4,

where

d diameter of wire

1 length of wire 1.

s maximum sag of wire

CD drag coefficient .

0 tensile stress● ✎

-—.. Hence
- - .—- —-- . .——

I -1—
s’
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The drag cosffigisnt variea in the range of Reynolds

e

If this variation of CD with V is. neglected, wires of

equal length-diameter ratio can sustain, for equal sag,
the same velocity pressure, It ie seen further that,
neglecting variation of CD with velocity, the strength

of the ‘hot “wire is” a ‘function of the product of mass den-
eity of” the ai!r and velocity squared: that is, of the ve-
locity pre~eure, and not simply of the velocity, or it
follows from the eq,ua.tionthat other factors being equal,
the maximum safe velocity increases inversely as–the
square r“oot”of the mass density.

Appar,a,tus

Wires.- i?latinum, nickel, and tungsten were used as
hohwi,res. in the ir.vestfgation. Data of strength char-
acteristics and electrical properties of these--metals are
given in table I. A tqble similir to table I for a large
number of metals is given in reference 1. Only very thin
wires from 3 t-o 5 roils in diameter were tested %ecause of
the limited capacity of the regulat~r tubes that supplied
the heating current. These eizes are either currently -in
use or are ‘believed. to be applicable to high-velocity work.

.

Method of fastening hot wires to prongs.- The plati-
num and nickel wires were fastened to prongs by soft sol-
der, a method whicli was found satisfactory. A mechani-
cally and electrically satisfactory connection vas pro-
duced in tile case of tungsten wire by sup-porting prongs
made of sewing needlee, the eyes of which were ground
open on one eide to form a hook. The tungsten wire was
t-hen placed into this hook; the free end was waund around
the prong and paesed through the hook a se,cond time.
After the application of a drop of zinc chloride the wire

was imbedded in soft Mlder which completely filled the- .
eyi3, The connections were tested hy exposure to a high- *.

velocity air etream and accepted &s satisfactory, aa it
was found from the reading of the heating current’ before
and after this test that the electti.cal resistance of the w

solder con”nect”imn had not changed during the test. When
the tungsten wire wae imbedded in solder without being
wound around the prong, it wae observed that after expo-
eure to the air stream the wire had slackened; therefore,
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this way of fastening the wire was found unsatisfactory.
Prongs with hooks, as used for tungsten, ~r”oduce- a larger
aerodynamic interference than the pointed prongs us@. for
platinum and nickel. This drawback is offset, h,owev”er,
bY the possibility of using longer wires because of the
greater strength of tungsten. .

Experimentation with a small spot-welding apparatus
in which an attempt was made to weld tungeten w153To”
nickel supports failed to produce positive results %e-,
cause of the difficulty of controlling the intensity of
the current. It is understood that satisfactory results
with the spot welding of small wires have been obtained
at LMAL.

7---

Although satisfactory connection between tungsten
wire “And the supporting prongs..might %e produced by the
needle method previously described, it wtis found in the
investigations of the directional characteristics ~f such
wires that th”e increase in the diameter of the pr-on’gsre-
quired by this method is a source of harmful interference.
For this reason further investigations of the soldering

‘of tungsten were undertaken.. There appeared to-be a pos-
sibility th-at tungsten might Me soldered “if a thin coat

P. Of another” metal whiah soldered easily were el-ectrolyti-
cally de~osit~d upon its surfacei The metal. deposited.. .
“would have to be oorrosfon proof and s-houl~ exhilit dh-ar-

# acteristics similar .to those of tungsten in regard to its
temperature coefficient ar resistance. Furthermore, it
should be possible to deposit a very thin film in such a
way that the resistance charatite~istics of thi”tungsten
would not be gre~tly affected. The metal that best an-
swers these variows requirements undoubtedly is platinum.

.%

*

A deposit of platinum upon thin tungsten filaments
was obtained by e~osing the yire f-or less than a minute
to the acti,on of an electrolytic bath. This period of
time sufficed to produce a film of deposited” platinum of
such strength that it could. he seen with a microscope -in
some places where q light metallic Surface was produced
in place of the dark surface of the t~gs-~e-n “wire,” Tung-
sten wires of two sizes, 0.00042 and 0000034 imc,h in- di-
ameter, w~re used for this test. With thie coating Or
platinum, tungsten wire could he soldered without diffi-
culty to steel supporting prongs! The soldering was done
with a special tin-%ase, solder containing 67 percent tin
and with Schwerterfs Superior Soldering Fluid (sold 3Y
Hammel , Riglander & CO,, Inc,, 209 W. 14th St., N.Y*”C, ).
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T“hi soldered joints ‘thus produced are considered l)oth
–*

electrically and mechanically equivalent to those Ob-
tained with platinum and nickel wir”e.‘“Inasmuch as” only *

short piece”s of platinum-plated tun’g”gten.wire were a.va~‘--
able, acourate comparative measurements of resistance
could not be made; the film of platinum appears, however,
not to alter appreciably t-he resistance of the”tungsten
wire.

Nozzles;= “The h“ot wires ”were tested by placing them
normal to a Jet of air discharging from a De Laval nOZZleO
A nozzle’ was first used that -was designed for the expan-
sion of air from a gage pressure of 90 younds per square
inch to atmospheric Tressure. The results with this
nozzle, however, were most erratic, partly because the
air carried small solid particles and par”tly””.because of
the high ratio of initial to .f+nal~qesqure for -wliich it
was designed. Because of,thi& high~rati.o,” t.be reau+ting
temperature drop caused;bhe moisture in the air to ,aon-
dense tind form a ~isible”fog and;under certain conditions
even minute ice particle!. ,Og the ?)asis of this experi-
ence a second nozzle was” desi@ed for ?xpans\on froti a
gage p,ressure, of---3O,~ound,s per square inch..to atimospherio..,.
pre-ssure. . P~e~~”ous tb exp.a”nsion io. this nozzle, the pres-
sure of’ the ‘air Wad’ redu”c;e”d.fr,om ~nk pressure by a throt-
tling proces”s. No trouble from moisture was experienced
with’ this n“dzzle. Breakage from $mpingersent of solid
particle% kp.on the wire wag reduced by a large chamber
imm.edi”ately ahgad of,the, nozzle in which screens were
placed to ar’rest.th~se..pa”rticles.

.
Then’oz”zle ‘was-ealib”’r”~”te:dby an impact tube””placed

... clO”s:e“t:othe out:let”Of t’he n“oZZ”l’efrom which k curve of
impact pressure,, against pressure c%if.fer.en.ceacross the

: nozzle” wa”s”obtaine~.” Expl.~rtit-o.rymeasurements of the
temperature o-f t~,e-ai-r ,disc,har,ged“from the nozzle were
mad”e by a thermometer’ held in the air stream, These
measurements proved most unreliable and in subsequent

,.
wor”k no att-empt wa”s made to determine the temperature in
‘a jet of small diamet”er. .:

.,J-
.,.. ‘“

.,

!l!egtsand~Results

The hot wire mount.~d’ on,a-ja$r of prongs was placed
i.nto’t-hegircuit”of a-,hot-w~re, inst~ume.nt and a heating
current, by whi:ch the temperature of.the wire was raised
to “a desired value, was’ &pplie&, The characteristics of



NACA Technical Note No. 880 7 --

*

*

the hot-wire instrument were suchcthet thereafter the re--
sistance and therefore also the temperature d~”the” >O”t Wire “..
were automatically kepi constant at the valu~ d~tr?rmined
by the initial setting, irrespective of the vgl~GitY Past
the wire. Constancy of the,resistance, and the teml?eratu:e!
could be checked at any time,.during the test %y a galvanom-
eters. A further check through correlation of the .meaeure-
ments of heating currents of various velocities by means .
of Kingis eQuation will be discussed later.-.

The tests ordinarily were of 2-minute duratiOn and,
during this time, the pressure across the orifice was in-
creased stepwise up to the point at which br’eakage ncc.urred.
The duration of the test was limited by the” capacity of” the
pressure tank and of the compressor. If no breakag”%” OC-
curred , the test was repeated when thp tank pressure was
reestablished. The results a’re presented in tabl”e 11.

—.

Platinum. may be used for relatively lcw velocities
only as shown in ‘table II. Niokel is regarded as a rnotis \

satisfactory material because it exhibits sa~isfactorY
\strength characteristics which.rnake possible its use for

velocities up to and includlng the vel”oai.ty of sound. It
may readily be solder,ed to, ,supporting prongs. The high /

teneile strength of tungsten renders “it desi”r”ab~e for
,,

measurements at sonic velocities; it is satisfactory; how-
ever, only if a qonnec.tion to the prongs is achieyyd w“hich
is both mechan,i.c.all~,’afi~..e.l.e.ct.rica,llyrel-ia%le, such a-s

Ii
has. been,obt.ained .through ‘:~pp.lication of a thin elect”rO- ~
lytically .d,epoki.ted~’:at.,of p“lati.num. . tz

., -~
Ii’ora hot wire ef a given material gind”diameter the

maximum permissible velocity pressure is Proportional to
the length-diameter ratio. Satisfactory results w6re 0%-
tained with hot wires of length equal to 250 times “the
diameter..’, For this, length the end effect due to thermal
conduction may be neglected.” (See reference 2.).,

,.
Table 11.shows that the rigidity of-the prongs has a

pronounced effect upon decreasing the strength of the
wire. This effect of the rigidity of the pron”gs was in-...-
vestigited as follows: Two thrqe-prong holders were
tested, one.with slim prongs 0.(318 inch in diameter and
the other with stiff prongs 0.032 inch .in diameter-. Thesek’

. prongs were spaced to permit the mount-ing of two wires,
one twice as ,Long as the other, which were oonnected in
s,eries. They were then placed into the air stream and
exposed to a gradually incr””easlng ‘velocity unti.~ the cQr-
rent was interrupted. Inspection of the wires following
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the.’interruption of ‘the circuit Showed that in the mA~6r-
—--

ity’of cases for the--holder with slim pronge both wires
were btoken, whereas only the lon~ey one “Gas deitfoyed in
the case of the stiffprotigs.”

*
Siniult&neous_breakage of

both wires was attributed to vitiat-ibti of the prongs; “As
seen from table II, these vibrations ’”occur:ab’a decrea&-
ing vel”ocity pressure as the “prong~””exterid across the”alr
stream and at an increasing vel,oc$ty ~res~ure a~” the ~~
prongs are placed parallel”to- the. ai’r“&tream. It”i8 ‘
concluded, therefore, that prongq should be as Strong as
permissible without causin~ ’undue aero~ynqmtc. iriterference .
The most satisfactory performance WAS o~tained wheri ~h?
pointed ends of No. 4 darning’ neeales’ were used to support
the wire. .—. —-

On the basis of the observations” of strength an~ ‘
rigidity of prongs, two holders were developed, one with
prongs for attaching nickel wire, the other for unplated
tungsten wirei These holdgrs are shown zn figure 1.

. ..

,.,
HOT-W-IRE’’MEASUREMENT5 “AT iII.GHVELOCITIES....,. ..... . . ‘.
.,

Constmt-Resist&rice (lperation”ofthe Hot Wire.,. ..,,
...... ... J , . . ., . .,

.,.“ Th61iot,-witie me~suremerit s”of”high “velocities taken
for.the efperimetital investigate on were obtained under “.
particular conditions of :oper”at!.o’ri,namely, for con8tant.-
resistance operation of the hot wi”re. ~irice the-resist-
ance is a function of only t-emperature, constant-resist-
ance oper”i{”iofi”is“ab’”t’hesame time :”const”ant~temperature
operatioti, ““!l!liis‘method i’sb61ieved to offer a number of
ad+afit’a&ti’s.” “~ ““‘“’”“- “: *

...... .... . .- .. ..
,,. ,.-. .,. ,..... . ..... ,.r.. . . . . .

.,.,. -If ‘cofisideiati~bni ‘bf tieastir&ti+nts-6f’:high-freqwency
fluctuat%bn are”.di”~regtiided; t%e’8e”ddvarita”g&s “Are:”’“re~a-
tiveLy small variations with change of wincl velocity of
the” @hy8i-dal :-qu&titi:*iei”affec-t”iri~”fiot:’i/i”ie:measurementL!
such as spe”cifi:c“h&a”t-l“c”cindtic&Lvity,””-an&mass “d&nsitY .in
the fi’ltiof ~e(ir“surrQu:nding :”ti”he:-”w”ii”e..‘.-~~~iheirn”o.re;““ ●

oon9t:ant-”5e~i6’txrsc”6’“oQe%iit’ion lea$s “t_’o-a.~~.~r”gerv’ari”&-
tion ’’of”’the:,mtiasui’e’ie“l,~atrical“.quan$i”ty”j~n this case
the..he.attn’g.current, wit’ki”ve.~oc’iiythaq “wo’ul&rbe obtain- 4

.-.1
able -with c6fistiant_-cur”re”nt-op=;i~i”o-n. ~hi.~ increased
variat”~ofi “ii ~u$rent w“i-~h””~elocityshoul”d re”n”cie-rthe
measurements mqre accurate. ‘ “it ,aj~eari rea~ogabIe that,
wit,h constant-temperature ‘opetiat.iom~“m6”a”{urements co~u[d.....

4’
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-.
be obtained at a relatively low hot-wire temperature, a
condition which naturally is ,desirable when high strength
of the wire is required.

.x ?n practical operation constant-
temperature operation was found to reduce the danger of
accidentally burning out the hot wire.

. .
(?onstant-resistance operation of the”hot wire’ was

effected through the c’ircuit shown in figure 2s. The par-
ticular circuit shown has the advantage of requiring a
minimum num%er of %atteries, Because the measurement 0$
only mean velocities is considered in the present inves-
tigation, the alternating-current impulses were short-
circuited by condensers, which were connected in the o.ir-
cuit but are not shown in figure 2. ‘I!his measure consid-
erably simplified the adjustment of the circuit. -

-.

Applicability of Kingfs “Equation ,...-

A relation between the heating current required for
a hot wire and the wind velocity and certain other quan-
tities entering into measurement ‘by the hot-wire method
has been derived by King in reference 3 from the condi-
tion that the h~at supplied to th~ wire “must ea,ual the
heat dissipated by the air stream. This e~uation-tiay ‘be
stated <reference 4) as follows:

ia R (J=4.2K(T-TO) 1+
‘)

2~p C Vd

K

where

i

R

T

To

K

.P

CP

,. . .-.—.

heating current, amperes .

resistance of the wire, ohms

temperature of the hot wire, ‘C

temperature of the ambient air, ‘c

thermal conduc~ivity, calories per centimeter per
—

‘C per second

mass density of air, grams per cubic centimeter .-

specific heat at constant pressure, calories per
gram per o~



10 NACA Technica~..~Qt.e .Mo. 8E30

v VelocitY ~Of air,, centimeters per second. .

‘ d “:diameter of the wire, centi,rueters

.A-

b

For air, Marks Hand%ook in reference 5 gives the following
equation for K ‘in Btu per foot Qer ‘1? per hour:

. .. . . .

‘[ l(–)
v~..

K’=
717 To

0.0129
To,+ 225 492

,.
where To oris the absolute temperature af the air in . .
The equation.~s valid. from -312° 3? to +212° F and may %e
‘converwd inti,..cgs ,units by div.i~ing tlie value of K
in engineering unit> by 241..9,

. —...

The first quantity on the right-hand side of KAng~s
equation representi--the “heat di~s:ipa-ted by conduction and
induced convection and the second auantity the heat dis-
~ipated by .forced.”eonv”&c”tion. Radiation l,d,s,se”~:are.iLis- .,
regarile.~.. !!Jh’.e..equaionon is.”appl”icable onl$, ,,abti,ve-a cert-
ain. 1 O.W:.I.imit of Velct’c-ity“’p,a”8t:the .wir9.,wh,i.c~, .,for
standard .-a:tm?e.phe”kic’c“oiidlt”io’n”s,“,ts de,-f-ined,by B: valu.eof
Reynold.s-.nuu%er:, ba%ed u“po:nw;ir~ed3’a#@t.S~, ~?f f?.”l~~8c-$.
relat--io~ ccrrespu~d:ing. .%o “%~uak+>o~”(,1.)-h-a.s~.leen.d’e”ri:v-e.d
for velocities below this Iitai-t-whicti,howe%br, his no ~

significance for the field of application under discus-
sion. , -. ,., ....- - .. .... . .. . k. ... . .. .

For zero wind velbcit~ the gquation reduces to

i: RI=4,2K(T -.To).,, . ,. (2)

where iot is the heating .curren”t‘at “zero wfnd velocity.

The following condit~ons must be conqideredwheg .eq_uatign
(2) is u

,-
sed for numerical: calculations.” The value of the

thermal conductivity tc be used in the equation ig tbalr”

of the film of aiti surrounding the wire, which is a func-
tion of the film tcnqmnture, The effective, value af the
film temperature fis’not known, It ha-s been s.ujjgested
that the oonducttvity corresponding to the ari~hmetic
mean temperature of the wire and the ambient- air tempera-
ture may be” used, “

..,.
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It should b’e notie~~ ‘fu’rtfier,more.~ t-h-ata’t high veloci-
ties the temperature rise due to compression resulting
from impact of the air. upon the wire must be considered

—-

and, if necessary, allowance for it must be made in the
choice of “’lo. “- “-.”: -:.- - ... . . . . . ..

Because of these uncertainties calculations of hot-
wire temperature-s by. e“a-u’ation”“(2) can -lead .$o”only. appro~-
imate,values. ““At velocity approaching th”e soni’c---range,
the impact temperature affe~ts the heat-dissipated” from
the wire by conduction and induced convection given by
the first term on th~ right-hand side of-equation (1). The
“effect of the im’pact temperature also enters the r“elati-o’h.
between wind velocity and heat current given by the second
term on the right-hand side o_f ea_uation (1). It is seen
that the relation between heating current i and- veloc---
ity v for a given current i. is unia_uely defined only

if the resistance is constant and if both the temperature”
and the mase density of th~ a“ir are constant. Fcc this
reason velocity measurements by the hot-wire meti-d ‘Are -,“
conclusive Only if. variations of temperature and mass .:
density remain within limits established by the stipu- .- -
lated accuracy of the results.

Experimental Check .
. .. ..

,
Measurements were made to obtai’n an experimental

check of the conformity of the method of measurement
chosen with Kingrs equatl~.n at high velocities. The re-
sults are shown in figures 3 and 4. A’ number of test
runs were conducted with a nickel wire 0.0005 inch in
diameter and 1/8 inch long for various -initial heating
currents i. and for velocities from O to approxf.ma”tely

300 feet per second. The me.asurernents for two ru~,s ob-
tained’ in connection with ttie tests for the strer,gths of
the hot wtres .in the high-velocity jet are also E.kewa in
figure 4. ~~e dsviat.ion$ron K$ng!s relation of the~e
measurements ‘is attributed to variations of eff~.11.ire
impact ‘temperature of the air with velocity. E> :-tt(=mpt
was made to evaluate these results further becausa %his _

temperature was not known.

—.

. . .
. . . . .-. . .. . .-

. . . . ..— —.-. .. ..—
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DIRECTIONAL CHARACTERISTICS IN A CIRCUIT

. . AD JU-STED T-ORLINEARITY ‘

Hot-Wire’ Instrument with Linear Characteristic

It has %een.shown, in the paragraph dealing with the
variation of heating current with wind velocity” for
constant-resistant o operation, that the reIation between
Qeating.current and wind velocity in which.the velocity
appq-ars.in the. fourth root accord:ng to .King’S equation
is maintained within the range of .velocitles investigated.
It”.is seen that in accordance with the nature of the fourth-
root relation at high velocities+ the accuracy of velocity
determination from the measured heating current becomes
very low. Leaving out of consideration for the moment
certain aspects pertaining to the measurement of fluctuat-
ing flow, this,de~rease in accuracy of reading made it de-
sirable to establish a linear relationship between the
reading of the hot-wire instrument. and the velocity.
This rel’a,ti”onshipwas established (reference 6) through
the install~t.zon of a nonlinear amplifier stage, the ex-
ponent, of which cou-l.dbe adjusted to be inversely propor-
tional to the exponerit relating heating current tO wind
velocity. This amplifier stage., shown on the wiring ~
diagram (fig, 2), consist~ of T= and its immediate ex-

ternal circuit including battery Bv and meter Ma, A

calibration curve of measurements obtained with the hot-
wir.e ci”rcuit including a linearizing stage is shown .in
figure,5Q . . ;.
,,-- ..

If the v~riation of”heating current with wind velae-
ity is kndwn, ‘for instance, through a curve such as is..
shown in figure.5, it is possible .to adjuet the linearizi-
ng stage for the’ desired exponent l)y.a s$.mple electrical
testing pro”cedu”re wblch “does not require the use Of- aero-
dynamic equipment”, Such as an air .strearn. The procedurg
is as follOws; “After the instrument is adju.s~ed for a
given heating. curr”ent:a.t:”zero’;win.dv.e!9_G.i$.Y..!.0; .currents

are impressed upon the bri,dge of various strengthe - -..
(i - io) and” of ”voltage-oppo8 ite tQ $hat. of the heating

current , as indicated by the m~qus sign. The cathode “
bias of the linearizing stage is then ad~usted to obtain
readings that are proportional to the velociti.ee corre-
sponding to the values of (i - io) Ch06eD, A sati6factory-

.

s’
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calibration curve can be obtained by this out-and-try
method using from four to six values. of (i - io) coveri~g

the de,sired range of velocities. A check of this calibra___
tion can be made at any time between tests by impressing
upon the bridge a negative heating current- - (i - io) .

corresponding to the maximum velecity and, if necessary,
adjusting the bridge balance and the amplifier’.

Cal”ibratioi-””bf the Directional ‘Characie=istics

of a Hot Wire Adjusted for Linear .

Instrument Characteristic

Calibrations of the directional characteristics (ref-
errnce 7) were undertaken for two hot wir-s , namely,
nickel wire 0.0005 inch”in diameter and 1/8 inch long and
nickel wire of the sam~ diameter and 7/32 inch long. The
short wire was tested in a str~am of 3/4-inch diameter,
the long wire in a stream of E-inch diameter. rn %oth
curves the instrument operqtirg on the basis of constRnt
resistance of the hot wire was adjusted for linearity be-
tween reading and wind Velocity. Calibration curves for
linearity are given in figure 5 for the short wire and IQ
figure 6 , for the long wire. ‘l?eetresult~ showing the di-
rectional characteristics are given in figure 7 fo.grthe
short and long wires. A “sin curve iS also p16tted into
the graph for comparison, These curves indicate jhat with-
in the range of velocities from 50 feet per second to 300
feet per second, the change of reading with angle-is quite
pronounced, especially for angles of iqcidence of eppi-oxi-
mately 45Q; it is sugg~stq.d, therefore, that these char-
acteristics might possibly form the tasis of directional
measurements by the use of two properly oriented wires
without manual adjustment in the determination of the
direction.

.—

It will he seen that the directional characteristics
of the long wire show much less ,spremd of test points with
velocity for a given angle than the sb.o.rt.wire. Tt was
found that the variations of readings may be attributed

-—

larg,ely to the drifting of the k.alanc.e.of the hot-”wire
instrument which, for the short wtre.is mor~ critical
than for the long wire. Other e,ffects, such as inter-
ference with the flow past the hot wirs cau~ed by the
prongs , did not show up clearly, Considerable tr~uble .
was caused by the accumulation of lint on the wire, which
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produced fluctuations and ?,aulty readings. In the second
test (fig. 7(b)) greater care was taken than in the first
te’st to maintain balance d’ kliebridge al-idto keep the
wire free from dust.

,, .,. . ,.
CONCLUSIONS .

,, ,.’
.. .,.

Tests of hot, w.i.r~....o.f.platinum. nickel, and tungsten
of-various diameters aqd lengths in combination with pinngs
and holders o’~-?tirioux deaig”ns: iridicate ‘the .foLIQIVigg con-
elusions: ‘“

1., Fo.r.,,me,asu>e,ment.s,athigh, velocities, hot wires
must be’ supported %’$ ‘rigid”“prongs.to avo”id.bre~k.a~’e

..

caused by vibration of the prongs., Experimentation wit-h =
various types “of cdnbection betweerihot wire and prongs
indicate that, in, high-velocity work, a mechanically
satisfactory connection ik “as difficult’to obtain as a
connection.tha,t has a.low, electrical resistance which
remains constant, during the” life of the hot: wire.

.,
Satis-

fa.cto>y”r’e~ults can %e seour”ed”’with ti”teelpr’on’gs,however,
by, the use of.soft solder for platinum and nickel and bY
th,a uke.of. soft “so.l,de.rwith tungsten ‘on which a thin film
of platinum h“a.s:’~eehelec~r”olyticallg’ deposited. *-.

....
,.

,. ‘2. ;I?latinu.m may be. used for on~y low velocities,
nickel may be used for velocities up to and. ‘including the

t

velocity of sound,, and tungsten may be” used at supersonic
yelooities.

3, l?he general relationship .establi~hed by Kingt.s
equation for constant--resistance o“peratio~” of the” wire
and oonstant pressure and temperature of undisturbed flow
may be assumed to hold for v.eloclties up to 300 feet per”
second, Deviations from KingSs relation, which were oh-”
served as sonic velocities were approached, were a“seumcd
to rf3sxlt from impaot temperatures.

4. Decrease in .accuracy .a~-high ’velocities result-
ing from the fourth-root relat~onsliip between heating cur-
rent and velocity in Kingls eauati,on far constant re8ipi-
ance operation, made it,desirable .to establish propor’
tionality between the reading of the. hot--wi,re instrument
and the velocity.

,

-+

Ae-rodynamics Laboratory,
Case School of Applied Science,

.

Cleveland, Ohio, April 1-942.
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.TABLE .1..

PHYSICAL PROPERTIES OF METALS USXD FOR HOT WIR2S

-,. ,.,

Tlat,ihu.

Nickel

Tungste

‘[isluestaken frem.reference 8 ]

Meltin& Electrical.
poiilt rescistiviety,,

(°C.) .(.microhm-cm)

,“

1773.5,:‘,‘?9”A3

1440 b7.g

j3~2 :.5.5,

Temperatu
coefficient

of resistivity

(@m-cm/°C)

aAt 0° C. %rom 20°.C
b.4t20° C. ‘L ‘“’%Yorn-Oo:G..,.

,.,
,.

,.

.
,.,

.,

,,..
.,

.

,,

,.

.,

:.

,.

.-

Tensile
strength

(lh/sq iri.) .

- 53,000. .
,..

~o,ooo to.gs,ooo

,...

.

“+

#..--... — .-

,,., ..,,.

,..
..-

. . .

. . .



T- II

~T6 OF TESTOF EEATUI HOT WIREE IliA HIOR-VELCCIIT AIR JET

Position
Free

Average

H~fer Dlamet e? Len@h Diam#er len~h %%% %%- T%%T, 2’$%%,
of of of ‘Sr .,;:0 t~p-

teeta
preawe

wire wire
of breaki~ Remarks

pronge prongs reapeot
to air

Bt illSt~t at atanderd
velocity of wire of breaking air

etreem
(ma)

oonditiona
(mila) (miorone) (in.) (m) (in.) (in.) (00) (lb/~q in.)— (fps)——.

Platinum

a

3

0.2

.8

5.1

‘?.6 IE
).318

;169
0,03a

.318

.159 +

.64
.018

.3s6

Parallel

30

44

liickel

199

195

[

3.8

7.6

[

6,5

8.6

6.4

5.4

650

660

aa6

9ao—

m

700

(1

(1)

L

a + 0.318 +

{

J L . 1 .[

11.6 lca5

4 .0.s
12”7 ‘#j .I.69“ ‘“om + ,e::::: 73 “ ::

>1400 .. (a)

3 >la .. (a,3J

Tung8ten

8

1
Parellel

0.?4 8,6

} “{

>30 >M-00 (a) ..”-

3
“60 141

Perpendioullm

% 0.475 0.036 +
a5 >1400 (4)

1

1
1.6a).4210.7

Pwallel

1 I
>ao

66 140 I
(2)

1 Perpendioul.ar >20 - >1400 (2)

1 Both uirea tested eimultamouely on a three-prong holder. Both wires broke aimultaueouely, premmably duo to
vibration of prooga.

~ No br@~es obBe?V9d.

3 Prolonged tech.
4 Oooamional breakagea, premmably due to vibration of pronge.

I I

“1
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Figure l.-
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?igure 3.- Heating Ourrentof a hot wire at oonstant-resistamaoperation.
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